Room temperature ferromagnetism has been observed in ZnO nanorods prepared by hydrothermal method. Saturation magnetization of ϳ0.004 emu/ g was measured in the nanorods with diameters of ϳ10 nm and lengths of below 100 nm, and the magnetization reduced with the increase of the size. Annealing of the samples at 900°C in air completely transformed the nanorods into twinning structures and weakened the magnetizations. The mechanism of morphology transformation was discussed. Analysis indicates that the interstitial zinc at the surface may contribute to the ferromagnetism in ZnO nanorods. © 2008 American Institute of Physics. ͓DOI: 10.1063/1.2887906͔
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As ideal candidate materials for spintronic devices, ZnObased diluted magnetic semiconductors ͑DMSs͒ have attracted much attention in recent years. In particular, onedimensional ͑1D͒ ZnO nanostructures which can serve as building blocks for nanoscale devices have been intensively studied. [1] [2] [3] [4] [5] [6] [7] [8] [9] Room temperature ͑RT͒ ferromagnetism ͑FM͒ has been achieved in several transition metal ͑TM͒ doped ZnO nanorods, 2-4 nanowires, [6] [7] [8] and nanoneedles. 9 On the other hand, RT FM has also been observed in pure ZnO nanoparticles and thin films, [10] [11] [12] which shows that FM may be an intrinsic characteristic of ZnO with low dimensionality. Recently, Banerjee et al. 11 reported the enhancement of RT FM in ZnO particles by 900°C annealing in air and related the phenomenon to oxygen vacancy clusters. However, the study on the RT FM in ZnO thin films confirmed that the source of the FM cannot be oxygen vacancies but defects on Zn sites. 12 So far, the understanding of FM origination in ZnO is still insufficient, partly because the reports of RT FM in pure ZnO are rare. Moreover, while annealing treatments were processed in several researches, 6 ,11 the impact of annealing on the morphology change was seldom considered. In this letter, we report on the RT FM in ZnO nanorods. Annealing of the samples at 900°C in air for 2 h can completely transform the nanorods into twinning structures, while adjusting the intrinsic defects and reducing the saturation magnetization ͑M s ͒.
ZnO nanorods were synthesized by hydrothermal method. Zn͑Ac͒ 2 ·2H 2 O and NaOH with a mole ratio of 1:10 were added to absolute ethanol and pretreated in an ultrasonic water bath for 30 min, then hydrothermally treated at 120°C for 5 h. The products were collected by centrifugation and thoroughly washed with distilled water and ethanol, and finally dried at 70°C for 10 h. Two kinds of samples were prepared with different Zn͑Ac͒ 2 ·2H 2 O concentrations of 0.0125M and 0.05M, and denoted as S1 and S2, respectively. The as-prepared samples were annealed at 900°C in air for 2 h. The structure and morphology of the samples were characterized by x-ray diffraction ͑XRD͒, scanning electron microscopy ͑SEM͒, and transmission EM ͑TEM͒.
Magnetic properties were measured using an alternative gradient magnetometer. Photoluminescence ͑PL͒ studies were carried out at RT with the excited wavelength of 325 nm. Figure 1 shows the XRD patterns of the as-prepared and annealed samples. All diffraction peaks correspond to the diffraction pattern of ZnO wurtzite structure, and no impurity phase was found. Figure 2 shows the SEM and TEM images of the as-prepared samples. The samples are comprised of nanorods, which in S2 ͓Fig. 2͑b͔͒ have larger size than that in S1 ͓Fig. 2͑a͔͒. The lengths of nanorods in S1 are about tens of nanometers, and the lengths of nanorods in S2 are about 1 m. The corresponding TEM images ͓Figs. 2͑c͒ and 2͑d͔͒ show that each nanorod has uniform diameter along its axis. High-resolution lattices with a measured interplane spacing of 0.52 nm corresponding to the d spacing of ͑001͒ planes are shown in the inset of Fig. 2͑c͒ , revealing that the nanorods grow along the ͓001͔ direction. The diameters of the rods in each sample are relatively equivalent, that is, ϳ10 nm for S1 and ϳ20 nm for S2. However, the nanorods are transformed into nanoparticles after annealing, as shown in Fig. 3 . Similar results have been reported in Ref. 13 , in which the ZnO nanorods changed into particles at 950°C. However, the most interesting observation here is that the nanoparticles in annealed S1 ͓Figs. 3͑c͒ and 3͑d͔͒ and annealed S2 ͓Fig. 3͑e͔͒ are twinning structures. A twinning plane ͑indicated with a black arrow͒ can be clearly seen in prise two quasispheres. Similar twinning structures have been synthesized through solution routes 14, 15 but not been seen in products of high-temperature process until now. The sizes of quasispheres in annealed S1 and S2 samples are about 100-140 and 50-70 nm, respectively. It is noteworthy that the particles in annealed S1 are larger than that in annealed S2, but the nanorods in S1 is smaller than that in S2. This can be partly explained by the aggregation of nanorods. The nanorods in S1 are in the form of clusters caused by aggregation, as indicated in the inset of Fig. 2͑a͒ . During the high-temperature annealing, the clusters in S1 will melt and recrystallize into larger particles. 13 The higher Gibbs free energy of smaller nanorods may also contribute to the process. At high temperature, the nanorods in S1 are less thermodynamically stable and easy to fuse into larger particles. 16 Moreover, theoretical investigation has shown that the melting temperature of ZnO nanostructures will decrease with the reduction of their sizes. 16 Thus, the nanorods in S1 may melt at a lower temperature, resulting in larger particles. As for the twinning structures, researches based on solution reaction suggested that it may be energetically favorable to join the polar surfaces with higher energy to lower the system energy.
14 The twinning ZnO structures formed in our experiments shall also correspond to the Gibbs free energy minimization, but the surface tension of melted ZnO should be considered under high-temperature condition, and detailed investigation is undergoing. Figure 4 presents the magnetic hysteresis ͑M-H͒ curves of the samples measured at RT. All the samples show clear ferromagnetic hysteresis loops. The M s of S1 is ϳ0.004 emu/ g, larger than that of the nanoparticles ͑ϳ0.0005 emu/ g͒ in Ref. 10 and that of the annealed ZnO particles ͑ϳ0.002 emu/ g͒ in Ref. 11 . Comparison of the M-H data shows that the as-prepared sample with smaller nanorods has larger M s . It also shows that the M s of each as-prepared sample is weakened by annealing.
While doped ZnO 1D nanostructures have been widely studied, [1] [2] [3] [4] [5] [6] [7] [8] [9] RT FM in pure ZnO 1D nanostructures has not been reported yet. Researches have found that RT FM in ZnO-based DMSs strongly depends on the sample preparation conditions. 1, 6 The doped ZnO 1D nanostructures were commonly prepared by vapor-phase methods with high temperature, 1, 4, 7 which tend to reduce the structural defects. However the FM in pure ZnO is believed to be related to intrinsic point defects.
10-12 thus, ZnO prepared in high temperature may hard to show RT FM. Moreover, most of these samples, including that prepared by solution route, 8 have diameters of over 50 nm and lengths of several micrometers, which are even larger than our S2 sample. While the magnetization of S2 is already weak and the study shows that the magnetization reduces with the increase of the size, the size effect may also result in the rare observation of RT FM in pure ZnO. However, the TM atoms may still cause RT FM in ZnO-based DMSs with relatively larger sizes. 3, 4 In order to investigate the point defects in the samples, PL measurements were employed. As shown in Fig. 5͑a͒ , both of the PL spectra of S1 and S2 show three main emissions, an emission with peak maximum at ϳ3.1 eV, which can be attributed to the near band-edge excitonic emission, and two other emissions at 2.74 and 2.64 eV. Two weak emissions can be further identified with peak maxima at 2. 51   FIG. 2 . SEM and TEM images of the as-prepared samples: ͑a͒ SEM image of S1, the inset shows ZnO nanorod clusters caused by aggregation, ͑b͒ SEM image of S2, ͑c͒ TEM image of S1, of which the inset is the highresolution TEM image of the ZnO nanorods, and ͑d͒ TEM image of S2 .   FIG. 3 . TEM images of the annealed samples: ͓͑a͒, ͑c͒, and ͑d͔͒ annealed S1 and ͓͑b͒ and ͑e͔͒ annealed S2. Figure 5͑b͒ shows the PL spectra of the annealed samples. For each sample, the relative intensities of 2.51 and 2.64 eV emissions increase significantly, while that of the 2.74 eV emission decreases, which indicates that the concentration of V O and V Zn − increase, while the concentration of Zn i decreases after annealing. Since the magnetization of each as-prepared sample decreases after annealing, and the fact exists that the S1 sample with rather weak 2.51 eV emission shows the largest M s , the FM in the nanorods should not stem from V O but relate to Zn i . Noting that the M s of S1 is larger than that of S2, while the relative intensity of 2.74 eV emission is larger for S2 than for S1, we speculate that the FM principally relates to the Zn i at the surface of the nanorods, as the nanorods in S1 has apparently larger surface-tovolume ratio. Theoretical calculation reveals that the level of Zn i lies close to the bottom of the conduction band ͑CB͒, which will induce strong interaction between the localized interstitial Zn 4s level and the CB. 20 Spin behavior of surface atoms differs significantly from the bulk. 3 This may have special influence on the magnetic properties.
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Zn i dominated FMs have been found in several ZnObased DMSs, 17, 21, 22 in which the M s decreases with the reducing Zn i concentration as our result. Enhancement of FM in ͑Zn, Mn͒O nanorods upon N 2 O plasma treatment, which results in the formation of Zn i , has been reported recently. 4 Structure evidence for reduction of Zn i in pure ZnO after annealing at as low as 400°C has also been given out. 21 During the high-temperature annealing, the Zn i , which has lower diffusion barriers, will partly diffuse into the ZnO lattice. Activation energy for oxygen diffusion is much larger than that for Zn i diffusion, 22 so if no enough oxygen atoms from the air can diffuse in the lattice to oxidize the zincs, oxygen vacancies will generate. Since the diffusion of Zn i is easier than the diffusion of oxygen, more Zn i may remain in the larger particles and diffuse to the surface. This diffusion process has been suggested by experimental data. 22 This may explain why the annealed S1, which has lower surface-tovolume ratio compared with the annealed S2, has larger M s on the contrary.
In summary, RT FM has been observed in ZnO nanorods. The nanorods with smaller size show larger M s . Annealing of the samples at 900°C in air completely transformed the nanorods into twinning structures, while it increased the V O and V Zn − concentration and decreased the Zn i concentration. As a result, the magnetizations were weakened. Analysis indicates that the Zn i at the surface may play an important role in the origin of ferromagnetism in ZnO nanorods.
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